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ABSTRACT
We carried out a detailed strong lensing analysis of a sub-sample of eight galaxy clusters of the Cluster Lensing And Supernova survey with Hubble
(CLASH) in the redshift range of zcluster = [0.23 − 0.59] using extensive spectroscopic information, primarily from the Multi Unit Spectroscopic
Explorer (MUSE) archival data and complemented with CLASH-VLT redshift measurements. The observed positions of the multiple images of
strongly lensed background sources were used to constrain parametric models describing the cluster total mass distributions. Different models were
tested in each cluster depending on the complexity of its mass distribution and on the number of detected multiple images. Four clusters show
more than five spectroscopically confirmed multiple image families. In this sample, we did not make use of families that are only photometrically
identified in order to reduce model degeneracies between the values of the total mass of a cluster source redshifts, in addition to systematics
due to the potential misidentifications of multiple images. For the remaining four clusters, we used additional families without any spectroscopic
confirmation to increase the number of strong lensing constraints up to the number of free parameters in our parametric models. We present
spectroscopic confirmation of 27 multiply lensed sources, with no previous spectroscopic measurements, spanning over the redshift range of
zsrc = [0.7−6.1]. Moreover, we confirm an average of 48 galaxy members in the core of each cluster thanks to the high efficiency and large field of
view of MUSE. We used this information to derive precise strong lensing models, projected total mass distributions, and magnification maps. We
show that, despite having different properties (i.e. number of mass components, total mass, redshift, etc), the projected total mass and mass density
profiles of all clusters have very similar shapes when rescaled by independent measurements of M200c and R200c. Specifically, we measured the
mean value of the projected total mass of our cluster sample within 10 (20)% of R200c to be 0.13 (0.32) of M200c, with a remarkably small scatter
of 5 (6)%. Furthermore, the large number of high-z sources and the precise magnification maps derived in this work for four clusters add up to the
sample of high-quality gravitational telescopes to be used to study the faint and distant Universe.
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1. Introduction
The importance of galaxy cluster strong lensing in cosmologi-
cal studies has increased significantly in recent years thanks to
high quality data from extensive observational programmes, us-
ing photometry and spectroscopy. Strong lenses can be used for
different purposes, such as to study the details of the total mass
distribution in galaxy clusters, to identify and characterise intrin-
sically faint but highly magnified sources at high-redshifts, and
to probe the background geometry of the Universe (for a review
see Kneib & Natarajan 2011). For instance, gravitational lens-
ing studies (e.g. Sand et al. 2004; Newman et al. 2013a,b) have
indicated that the inner slope of the dark-matter mass density
profile of massive clusters is flatter than the canonical Navarro-
Frenk-White profile (NFW, Navarro et al. 1996, 1997; Moore
et al. 1998; Gao et al. 2012). On the other hand, hydrodynami-
cal simulations have shown contrasting results, whether baryonic
processes produce a shallow dark matter profile (Martizzi et al.
2012) or whether they are in agreement with the NFW model
(Schaller et al. 2015). To clarify observationally this discrep-
? e-mail address: caminha[at]astro.rug.nl. The full redshift catalogues
from the MUSE observations (Table 2) is available at the CDS via
anonymous ftp cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-
strasbg.fr/viz-bin/cat/J/A+A/632/A36.
ancy found in simulations, it is necessary to perform accurate
strong lensing analyses using a large sample of spectroscopically
confirmed multiple image families, that is, strong lensing con-
straints, in order to provide reliable measurements of the inner
total mass density.
Moreover, the gravitational lensing magnification effect pro-
duced by clusters across a relatively large area of the sky has
been used to select candidates of the most distant galaxies in the
Universe (z & 9, Coe et al. 2013; Bouwens et al. 2014; Zitrin
et al. 2014; Salmon et al. 2018). Therefore, lensing fields are
good targets to push the detection limits of current instrumenta-
tion towards the faint and far population of galaxies (Atek et al.
2015, 2018; Bouwens et al. 2017). Studies of background faint
galaxies at lower redshifts z ≈ 3 − 6 (Caminha et al. 2016b;
Patrício et al. 2016; Hernán-Caballero et al. 2017; Smit et al.
2017; Vanzella et al. 2017a,b, 2019) have also greatly bene-
fited from the enhanced spatial resolution and amplified flux
produced by the gravitational lensing effect. This all leads to
some important insights on the evolution and characterization of
galaxies, indicating that this faint population might be important
for the reionisation of the Universe (Yue et al. 2014; Bouwens
et al. 2015; Robertson et al. 2015). In pursuing this large va-
riety of applications, several observational efforts, such as the
Cluster Lensing And Supernova survey with Hubble (CLASH,
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Fig. 1: Colour composite images of the eight clusters in our sample created from the combination of the HST/ACS and WFC3
imaging. Circles show the multiple image positions used as model constraints in our strong lens modelling. We identify in white the
families with spectroscopic redshift measurements and in green those for which the redshift value is a free parameter in our models
(considered only in our silver sample, see Section 3 for more details). Blue boxes indicate the BCG positions.
Postman et al. 2012), the Hubble Frontier Fields (HFF, Lotz
et al. 2017) and, more recently, the REionisation Lensing Clus-
ter Survey (RELICS, Salmon et al. 2017; Coe et al. 2019), have
spent a total of ≈ 1300 orbits of the Hubble Space Telescope
(HST). This then provides homogeneous photometry in optical
and near infra-red filters with limiting magnitudes in the range
of magF160W = 27.5 − 28.7 (5σ detection for point sources
within 0′′.8 radius) for 68 lens galaxy clusters. However, it is
crucial to have extensive spectroscopic information about mul-
tiple image families and cluster members to build precise and
high-resolution mass and magnification maps in order to probe
the total mass distribution of lens clusters and the physical prop-
erties of lensed background sources in detail (see e.g. Grillo
et al. 2015; Caminha et al. 2016a; Johnson & Sharon 2016).
Therefore, different spectroscopic campaigns have targeted sub-
samples of these clusters confirming high-redshift candidates,
multiple images and cluster members. Using HST, the Grism
Lens-Amplified Survey from Space (GLASS, Treu et al. 2015)
has obtained relatively low resolution grism spectroscopy in the
inner core (≈ 5 arcmin2) of ten clusters. The CLASH-VLT ESO
Large programme carried out a panoramic spectroscopic cam-
paign of 13 southern CLASH clusters using the VIsible Multi-
Object Spectrograph (VIMOS), covering ≈ 0.1 deg2 in each
cluster (Rosati et al. in prep, Grillo et al. 2015; Balestra et al.
2016; Monna et al. 2017).
The Multi Unit Spectroscopic Explorer (MUSE, Bacon et al.
2014) has driven a revolution in strong lens studies of galaxy
clusters. Its efficiency, field of view of 1 arcmin2, and capa-
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bility of detecting faint emission lines out to z ≈ 6.5 without
any source pre-selection are being exploited to expand signifi-
cantly the spectroscopic confirmation of multiply lensed sources
and cluster members that are then used to constrain lens mod-
els (see e.g. Grillo et al. 2016; Caminha et al. 2017a,b; Lagat-
tuta et al. 2017; Mahler et al. 2018; Jauzac et al. 2019). The
spectroscopic confirmation of many multiple images is essential
to remove some degeneracies between the source redshifts and
the cluster total mass. Moreover, this information avoids wrong
identifications of counterimages that can significantly limit the
accuracy and precision with which the cluster mass and magni-
fication maps are reconstructed.
In this work, we selected a sub-sample of eight CLASH clus-
ters with MUSE observations in order to carry out detailed strong
lensing analyses and improve their total mass distribution mea-
surements in the cores. The cluster extended names are listed
in Table 1 and hereafter we will use their abbreviated names,
namely RX J2129, MACS J1931, MACS J0329, MACS J2129,
MACS J1115, MACS J0429, RX J1347 and MACS J1311. We
also incorporated a relatively small set of CLASH-VLT spec-
troscopic redshifts to cover the regions external to the MUSE
field of view (Rosati et al. in prep.). Our cluster sample spans
the redshift and virial mass ranges of zcluster = 0.234− 0.587 and
MWL200c = (4.6 − 35.4) × 1014M, respectively (these last values
were obtained from weak lensing measurements, Merten et al.
2015; Umetsu et al. 2018). With the exception of MACS J2129,
these clusters were selected within the CLASH survey to be dy-
namically relaxed, based on Chandra X-ray observations (Post-
man et al. 2012). The combination of these eight clusters with
previous works on MACS J0416, MACS J1206 and Abell 1063
(Caminha et al. 2016a, 2017a,b) constitutes the sample of all
CLASH clusters with available MUSE spectroscopy to date.
Previous studies have carried out strong lensing analyses
on this cluster sample. To mention some recent works, Monna
et al. (2017) and Ueda et al. (2018) studied the specific clus-
ters MACS J2129 and RX J1347, respectively. Moreover, the
full CLASH 25 cluster sample has been strong (and weak-)-lens
analysed by Zitrin et al. (2015). Our work, using the MUSE spec-
troscopic data, adds a significant number of new confirmed mul-
tiple images used to constrain the lens models.
This paper is organised as follows. In Section 2, we present
the data used in this work and describe the MUSE observations
and redshift measurements. The methodology used in our strong
lens modelling is explained in Section 3, and in Section 4 we
discuss the results on the total mass distribution of the clusters.
Finally, in Section 5, we summarise our conclusions.
Throughout this work, we adopt the a flat ΛCDM cosmo-
logical model, with Ωm = 0.3 and H0 = 70 km s−1 Mpc−1. The
images are oriented with north at top and east to the left, and the
angles are measured from the west and oriented counterclock-
wise.
2. Data
2.1. HST-CLASH
The cluster sample presented in this work has been observed by
the CLASH survey, using the ACS and WFC3 cameras onboard
HST, in 16 filters from the UV through the NIR (Postman et al.
2012). The data has been reduced using the Mosaicdrizzle
pipeline (Koekemoer et al. 2011) and the final co-added science
imaging is made publicly available1 with two different spatial
1 https://archive.stsci.edu/prepds/clash/
Table 1: MUSE observation summary.
Cluster field of view zcluster texp[hrs] Naexp. seeing
b (′′)
RX J2129.7+0005-East 0.234 2.46 6 0.61 ± 0.08
RX J2129.7+0005-West 0.234 3.29 8 0.53 ± 0.17
MACS J1931.8−2635 0.352 2.46 6 0.96 ± 0.05
MACS J0329.7−0211 0.450 2.47 6 0.83 ± 0.12
MACS J2129.4−0741-East 0.587 2.46 6 0.81 ± 0.17
MACS J2129.4−0741-West 0.587 3.25 8 0.83 ± 0.10
MACS J1115.9+0129 0.352 2.47 6 1.14 ± 0.21
MACS J0429.6−0253-North 0.399 2.45 6 1.07 ± 0.50
MACS J0429.6−0253-South 0.399 1.63 4 0.98 ± 0.14
RX J1347.5−1145 0.451 0.81 2 0.77 ± 0.04
MACS J1311.0−0310 0.494 0.81 2 0.54 ± 0.02
Notes.The final MUSE field of view for each cluster is shown in Figures
2 and 3. (a) Number of exposures in each pointing used to create the final
data-cube. (b) Median value of the seeing, measured from the DIMM
station, and its standard deviation.
resolutions of 30mas and 65mas per pixel. In Figure 1, we show
the colour composite images of the eight clusters studied in this
work, produced from the combination of optical and near IR fil-
ters by using the Trilogy code (Coe et al. 2012).
2.2. Spectroscopic data
Up to now, a total of 11 CLASH clusters have been observed
by MUSE in different programmes. In previous works, we
have used deep observations on three targets, MACS J1206,
Abell 1063 and MACS J0416 (Caminha et al. 2016a, 2017a,b),
where the last two clusters are also part of the HFF initiative.
In this work, we made use of archival MUSE data from the
ESO programme IDs 095.A-0525, 096.A-0105, 097.A-0909 and
098.A-0590 (P.I. J.-P. Kneib) on the remaining eight clusters.
The observations were carried out during the period between
2015-June and 2017-January, with observation blocks (OBs)
consisting of two exposures of ≈ 1465 seconds. The fields of
view of RX J2129, MACS J2129 and MACS J0429 are com-
posed of two pointings with overlapping areas of ≈ 0.29 arcmin2,
≈ 0.12 arcmin2 and zero arcmin2, respectively. The remaining
five clusters were observed with one single pointing, of which
MACS J1115 and RX J1347 observations are off-centred by
≈ 30′′ from the corresponding brightest cluster galaxies (BCGs).
Although having similar exposure times, the dither and rotation
pattern of each OB is slightly different in each cluster.
Final exposure times on target of each pointing vary from
shallow 0.8 hours to 3.2 hours and the overlapping regions in
RX J2129 and MACS J2129 reach ≈ 5.6 hours depth. The sum-
mary of MUSE observations is presented in Table 1 and the final
fields of view in Figures 2 and 3. For all exposures, a small dither
pattern and 90◦ rotations with respect to the original position an-
gle (PA) were applied. We note that for the clusters MACS J2129
and MACS J1931, although they include more than two expo-
sures, only two different rotation angles were used, the original
PA and PA + 90◦. For the other clusters with more than two ex-
posures, all four 90◦ rotations were applied. Because of that, in
some final MUSE data-cubes the instrumental features were not
optimally removed, in particular in the regions between single
instrument IFUs.
We followed the standard MUSE reduction procedure, sim-
ilarly to our previous analyses of other clusters (Karman et al.
2015; Grillo et al. 2016; Karman et al. 2017; Caminha et al.
2017a,b). We used the MUSE pipeline version 2.4.1 (Weilbacher
et al. 2014) to process all raw exposures. Each object exposure is
Article number, page 3 of 27
A&A proofs: manuscript no. main
corrected using BIAS and FLAT calibrations of the correspond-
ing night, as well as ILLUMINATION exposures. Moreover, wave-
length and flux calibration are applied in order to create the
PIXELTABLEs and data-cubes of each exposure. We inspected
the wavelength collapsed (white) images and the data-cubes of
each exposure, finding no large variations between the obser-
vational conditions of most pointings. Two object exposures on
RX J2129 presented technical problems and were not used in
the final stacks (they are not included in the numbers presented
in Table 1). For the same cluster, one exposure shows a bright
satellite track across the field of view, which we mask out by
removing the affected slices in order not to contaminate the fi-
nal stack. After that, we combined the PIXELTABLEs into a final
data-cube with the final depth and covering the entire field of
view of each cluster (see Figures 2 and 3). Since the standard
reduction pipeline does not have an optimal sky subtraction, we
applied the ZAP tool (version 2.1, Soto et al. 2016) to remove
remaining sky residuals. To do that, we defined the sky regions
using a combination of the MUSE white images and HST data.
The MUSE data-cubes extend from 4750 Å to 9350 Å in wave-
length, with an almost constant dispersion of ≈ 1.25 Å, and spa-
tial sampling of 0′′.2. The final seeing varies from ≈ 0′′.5 to 1′′.1
in the final stacked data-cubes (see Table 1). The final fields of
view of all observations are shown in Figures 2 and 3.
Since MUSE does not cover the entire HST field of view,
we also used a small subset of redshifts from the ESO large pro-
gramme CLASH-VLT (ID 186.A-0798, P.I.: Rosati) that has ob-
served seven of the eight clusters analysed in this work, using
VIMOS high-multiplexing capabilities (Le Fèvre et al. 2003).
MACS J0429 is the only cluster in our sample not included
in that programme. We refer to the spectroscopic campaign of
MACS J0416 (Balestra et al. 2016) as an example of CLASH-
VLT observations, which typically extend to approximately two
virial radii. A full description of all observations and data pro-
cessing of the 13 CLASH-VLT clusters will be presented in
Rosati et al. in prep..
While VIMOS provides an efficient coverage of the entire
cluster volume, over a field of view of ≈ 25′ across, the central
≈ 1 − 2′ is not adequately sampled with the standard multi-slit
strategy due to the rapid increase of targets in the cluster cores
(multiple images and cluster galaxies). To this respect, MUSE
integral field spectroscopy represents an ideal complement to the
VIMOS observations in the cluster cores. Finally, we also incor-
porated redshifts from the GLASS (Treu et al. 2015) survey that
has observed RX J1347 and MACS J2129.
2.3. MUSE redshift measurements
Following our previous works, we identify and measure source
redshifts in two different manners. Firstly, we use HST detec-
tions as a prior to extract spectra centred on these positions and
with an aperture radius of 0′′.8 from the data-cubes. This aper-
ture value is similar to the observational seeing of the observa-
tions and found to be a good compromise to reduce the contami-
nation from nearby sources and maximise the signal to noise. In
the case of some extended sources and objects with large lensing
distortion and with low surface brightness, for which we could
not estimate a secure redshift with the previously mentioned
apertures, we use a customised extraction that takes into account
the extent of the emission observed in the MUSE data. Secondly,
a continuum subtracted data-cube is created by subtracting a me-
dian kernel (with 151 spectral pixel width) in the wavelength axis
from each spaxel. The result is a data-cube where continuum
emission is removed and emission lines are more easily identi-
fied. We visually inspect these continuum subtracted data-cubes
in order to identify emission lines from sources with no HST
continuum detection and to disentangle emission from nearby
sources in projection.
To measure redshifts, we used the one-dimension (spatially
averaged) and pseudo two-dimension (in two perpendicular di-
rections) spectra. Similarly to our previous works (see e. g.,
Caminha et al. 2017a,b), we analysed the data in order to iden-
tify spectral features to measure redshifts, such as emission or
absorptions lines. In the cases of sources with continuum emis-
sion but no evident features, we used a template matching to help
with the identification of faint spectral features. To each redshift,
we attributed a quality flag that is related to the reliability of the
measurement. The quality flag system has four different cate-
gories: QF = 1, the measurement is not reliable; QF = 2, the
redshift value is based on a faint, but clearly detected, feature
and is likely to be correct; QF = 3, secure measurement from
more than one absorption and/or emission lines; QF = 9, red-
shift based on a single narrow emission. Cases of objects having
a single emission line with clear features that allow us to identify
its nature (for instance the Lyman-α profile or O ii doublet) are
considered to have secure (QF = 3) redshift measurements. The
full sample of all fields presented in this work contains ≈ 900
secure (i.e., QF > 1) redshift measurements, of which 114 are
stars, 62 are foreground galaxies, 390 are cluster members and
395 are background galaxies. Regarding high redshift sources
with z > 2.9, where the Lyman-α line falls within the MUSE
wavelength range, the number of unique detections (i.e. account-
ing for the lensing multiplicity) is 116. The first entries of the
full catalogue are presented in Table 2 and the entire catalogue
is available in the electronic version of the paper.
3. Strong lensing models
To perform the strong lensing modelling, we adopted the same
methodology applied in our previous studies of the galaxy clus-
ters Abell 1063, MACS J0416 and MACS J1206. In this work we
use the software lenstool (Kneib et al. 1996; Jullo et al. 2007).
We adopted parametric models to describe the different compo-
nents of the total mass distribution of each cluster. Moreover,
the multiple image positions of the lensed sources were used as
constraints to estimate the best-fitting values of the model pa-
rameters. In the next subsections, we provide a short description
of our methodology and refer to Caminha et al. (2016a, 2017a,b)
for more details.
3.1. Overall description
For the smooth mass components (i.e., dark matter, intracluster
light and hot gas), we used a pseudo-isothermal elliptical mass
distribution (PIEMD, Kassiola & Kovner 1993), that has been
shown to describe well such component in previous studies (e.g.
Grillo et al. 2015; Caminha et al. 2017b). A PIEMD profile is
characterised by a total of six parameters: the central velocity
dispersion (σv) and core radius (rcore); the orientation angle (θ)
and ellipticity (ε); and the position of the centre (x, y). The ellip-
ticity is given by ε ≡ 1 − b/a, where a and b are the major and
minor axis, respectively. The orientation angle θ is defined to be
zero in the east-west direction and increases counterclockwise.
In order to test possible systematic effects related to the
adopted cluster mass parametrization, we also used a generalised
NFW profile (gNFW, Zhao 1996; Jing & Suto 2000; Wyithe
et al. 2001) for the cluster smooth mass component. This model
Article number, page 4 of 27
G. B. Caminha et al.: Strong lens modelling of eight CLASH clusters from extensive spectroscopy
RX J2129
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Fig. 2: Cluster member selection. White and magenta circles show the position of the cluster members with MUSE spectroscopic
confirmation and selected from photometry, respectively. Red boxes show the cluster members spectroscopically confirmed by
CLASH-VLT and thus included in the final member catalogue, but not selected by our criteria. The green regions show the area
covered by the MUSE observations.
Table 2: Full redshift catalogue.
ID RA Dec zMUSE QF mult.
(A) (B) (C) (D) (E) (F)
R2129-J212939.77+000458.74 322.4157062 0.0829825 0.1288 3 1
R2129-J212940.68+000509.74 322.4195150 0.0860391 0.1344 3 1
R2129-J212938.71+000510.68 322.4112998 0.0863003 0.1348 3 1
R2129-J212937.16+000524.20 322.4048393 0.0900552 0.1374 3 1
R2129-J212940.84+000555.17 322.4201773 0.0986576 0.1378 3 1
...
...
...
...
...
...
Notes. Five entries of the full redshift catalogue that is available in the electronic version of the paper. The columns are: (A) the ID build from the
cluster name and object RA and Dec; (B) and (C) are the observed right ascension and declination in degrees; (D) and (E) are the spectroscopic
redshift and its quality flag; (F) is the number of entries of the same object in this catalogue used to indicate multiply lensed sources.
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MACS J1115
30 ′′
MACS J0429
30 ′′
RX J1347
30 ′′
MACS J1311
30 ′′
Fig. 3: Same as in Figure 2 but for the silver sample of galaxy clusters. Red regions indicate MUSE exposures with less than one
hour on target. We note that MACS J0429 is not a CLASH-VLT cluster.
has the value of the central 3-dimensional slope γgNFW, besides
those of the concentration c and scale radius rs, as free parame-
ters. In this model, the total number of free parameters is seven
(including the position of the centre and the values of ellipticity
and orientation angle). A value of γgNFW equal to one translates
into the standard NFW model. We remark that this model has a
pseudo-elliptical implementation in the lenstool software, in
which the ellipticity is introduced in the projected lens potential
and not in the projected mass density profile. This approximation
enables a faster solution of the ray-tracing equation. However,
for high values of ellipticity (ε & 0.5) it is known to create non-
physical dumbbell shaped projected mass density distributions
(Golse & Kneib 2002; Dúmet-Montoya et al. 2012). We remark
here that we used this profile only to compare with our reference
PIEMD parametrization.
For the total mass profiles of the galaxy members, we
adopted the dual pseudoisothermal mass distribution (dPIE,
Elíasdóttir et al. 2007; Suyu & Halkola 2010) with zero elliptic-
ity and core radius. Moreover, the centres of the profiles were
fixed to the centroids of the light distribution of the selected
galaxy members (see Section 3.2). Therefore, each galaxy mem-
ber has two free parameters, its central velocity dispersion (σgalsv,i )
and truncation radius (rgalscut,i). Since the total number of observ-
ables does not allow us to have two free parameters for each
galaxy member, in our models we assumed a constant total mass-
to-light ratio with the following scaling relations:
σ
gals
v,i = σ
gals
v
(
Li
Lref
)0.25
, rgalscut,i = r
gals
cut
(
Li
Lref
)0.5
, (1)
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Fig. 4: Colour-magnitude diagrams showing the red-sequence for all clusters analysed in this work. Only for RX J2129 we use
the filters F435W and F814W because of its low redshift, for all remaining clusters we use the F814W and F160W bands. Orange
circles indicate the spectroscopically confirmed members. The grey region shows our colour cut and the photometric redshift range
used to select photometric members is quoted in the legend (see Section 3.2 for more details). Both criteria are used to select the
photometric members that are indicated by magenta circles. A summary of the membership selection is shown in Table 3.
where Li is the value of the luminosity of each member in the
HST filter F160W and Lref is the reference luminosity. Hence, all
galaxy members are described by the two parameters σgalsv and
rgalscut . We choose as reference luminosity the value corresponding
to the rest-frame magnitude of MF160W = −23 in each cluster,
which is close to L∗ for cluster galaxies at z = 0.4 (see e.g.
Connor et al. 2017; Bergamini et al. 2019). This choice does
not affect the lens modelling and the values of the normaliza-
tion parameters (i.e. σgalsv and r
gals
cut ) can be rescaled to any other
reference luminosity by using Equation (1).
By starting from the observed positions of the multiple im-
ages, we used the software lenstool to obtain the best-fitting
values of the free parameters of each model. The software uses
a χ2 function defined as
χ2 (Π) =
Nim∑
j=1

∣∣∣∣xobsj − xmodelj (Π)∣∣∣∣
σobsj

2
, (2)
where xobsj and x
model
j are the observed and model predicted posi-
tions of multiple images, respectively. The positional errors are
given by σobsj and Π is the vector containing the values of all
model free parameters. We used flat priors for all model free pa-
rameters (Π) in every model. The set of parameter values that
minimises the χ2 function (χ2min) is called the best fit solution.
In addition to the χ2min value, we also used the root-mean-square
difference between the model predicted and observed positions
(∆rms) of the multiple images to quantify the goodness of the fit
of each model.
Given the different characteristics of the galaxy clusters in
our sample, we explored a range of different models for each
of them, from simple unimodal mass distributions to combina-
tions of many different components in order to find the best fit
solution. First, we minimised the χ2 function for a single smooth
mass component plus the galaxy members. However, it is known
that that in merging clusters, such as MACS J0416 (Caminha
et al. 2017a), Abell 2744 (Mahler et al. 2018) and Abell 370
(Lagattuta et al. 2017), multiple smooth mass components are
necessary to reproduce well the positions of all multiple images.
Therefore, we also optimised models with one and two extra
smooth mass components, as well as models with an external
shear component. Since the BCG of a cluster undergoes forma-
tion and evolution processes that are different from those of the
other galaxy members, we also tested models where the BCG
parameters are free to vary and are not attached to those of the
overall scaling relations described by Equations (1). We present
the results of our lensing analyses in Section 4.
3.2. Membership selection
The cluster member selection is strongly based on our red-
shift measurements from MUSE in the very central regions and
complemented with the CLASH-VLT spectroscopy and CLASH
photometry in the outer regions. For the photometric measure-
ments, we used the CLASH public catalogues (Postman et al.
2012; Molino et al. 2017). Firstly, we selected all sources from
the MUSE spectroscopic catalogue located within ±4000 km s−1
from the cluster redshift (see Table 3, column zMUSEspec ). In Figure
4, we show the colour-magnitude diagrams for the HST filters
F814W−F160W (except for RX J2129 that has a low redshift
value and for which we used F435W−F814W), where the clus-
ter red sequences are well defined. In order to select members
with no spectroscopic confirmation (mainly outside the MUSE
field of view), we used two criteria based on the empiric distri-
bution of colours and photometric redshifts of confirmed mem-
bers. For the first criterion, we computed standard deviation of
the colours in the aforementioned filters for each cluster, see the
grey region in Figure 4. The differences in the colour intervals
observed in our cluster sample depend on the cluster redshift, the
different regions covered by the MUSE pointings and cluster-to-
cluster variance in the galaxy population in these small regions.
Moreover, the number of late-type galaxies is different in each
cluster. Specifically, RX J2129, MACS J1931, MACS J2129,
MACS J0429 and MACS J1311 have around 7% - 10% of late-
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Table 3: Summary of cluster member selection with F160W photometry.
Cluster zcluster Natotal z
range
spec NMUSE bspec N
c
cont. N
c
miss.
RX J2129 0.234 70 [0.217 − 0.250] 32 1 4
MACS J1931 0.352 120 [0.334 − 0.370] 56 0 5
MACS J0329 0.450 106 [0.431 − 0.470] 50 4 7
MACS J2129 0.587 138 [0.566 − 0.608] 90 0 3
MACS J1115d 0.352 94 [0.334 − 0.370] 32 1 22
MACS J0429d,e 0.399 63 [0.380 − 0.418] 51 (e) (e)
RX J1347d 0.451 114 [0.432 − 0.470] 33 3 11
MACS J1311d 0.494 76 [0.474 − 0.514] 38 0 12
Notes. (a) Total number of selected cluster members, i.e. spectroscopically confirmed and photometrically selected. (b) Number of members with
spectroscopic confirmation from MUSE. (c) Number of interlopers and missing members are obtained from CLASH-VLT redshift measurements
outside the MUSE field of view. Spectroscopic interlopers (missing) members are removed (included) in the final version of the membership
selection. (d) Clusters with shallow MUSE data to data (< 1 hour) or with a small number of spectroscopically confirmed multiple images. (e) Not
available since MACS J0429 was not included in CLASH-VLT.
type galaxies in the sample of spectroscopically confirmed mem-
bers, whereas the other clusters have around 3%.
For the second criterion, we used the photometric redshift
distribution of spectroscopically confirmed members. Since such
distributions are fairly asymmetric and present some outliers, we
used the 68% confidence levels (after applying a sigma clip-
ping) to define the lower and upper values of zphot for mem-
bers with no spectroscopic confirmation. Therefore, we selected
members with no MUSE measurements that are encompassed
by both criteria (colour and zphot limits) and are brighter than
magF160W = 24. We note that the distribution of photometrically
selected galaxies in Figure 4 closely follows the distribution of
spectroscopic members, that is, the so called red-sequence. A
summary of the membership is presented in Table 3, where we
quote the number of spectroscopically confirmed members by
MUSE and the total number of members in our final selection.
To estimate the contamination and completeness of this se-
lection, we used the available CLASH-VLT measurements (be-
sides MACS J0429 that was not included in this programme) in
the regions outside the MUSE field of view. Such comparison
yields important information about missing members and pro-
vide lower limits for the number of interlopers. In Table 3, we
quote the number of photometric members wrongly identified
and galaxies with CLASH-VLT redshifts that belong to the clus-
ter (i.e. are within ±4000 km s−1 from the cluster redshift), but
were not selected by our criteria. The completeness of our sam-
ple is relatively high, around ≈ 80% − 90% thanks to the large
number of spectroscopic confirmations of galaxy members. We
remark that members with CLASH-VLT confirmation, but not
selected with our photometric criteria, are included in the strong
lensing models. Likewise, spectroscopic interlopers are removed
from the final membership samples. While VIMOS incomplete
spectroscopic coverage always leads to some possible member-
ship contamination, MUSE integral field spectroscopy ensures
highly pure samples of cluster galaxies in its field of view.
In Figures 2 and 3, we show the selected galaxy members
used in our strong lens models. We indicate the members with
MUSE confirmation and galaxies selected using the colour -
photo-z cuts (see Figure 4). Members with spectroscopic con-
firmation from CLASH-VLT but not selected by our photomet-
ric criteria are also marked. We note that within the MUSE field
of view only a very small fraction of members does not have
spectroscopic confirmation. These galaxies are usually very faint
or the contamination or confusion with nearby bright sources
(caused by the atmospheric seeing) makes a secure spectroscopic
confirmation difficult.
3.3. Multiple-image identification
In order to build reliable lensing models, we based our identifica-
tion of multiple image families on spectroscopic confirmations.
To identify multiple images of the same source, we selected en-
tries in our MUSE and VIMOS (Rosati et al. in prep.) catalogues
with similar redshifts (considering only measurements with QF
greater than one) and inspected the HST images to verify if their
positions, colours and parities are in agreement with what we
expect from strong lensing theory. We note that some Lyman-α
emitters have no clear detection in the CLASH photometry, but
their line profile, position and, in some cases, their spatial mor-
phologies ensure a secure identification of a multiple image fam-
ily. In these cases, we used the centroid positions of the MUSE
detections in the lens modelling. With this first set of spectro-
scopic constraints, we built a preliminary version of strong lens-
ing models and compute the model predicted positions of all
other sources with measured redshifts behind the clusters.
When a model predicts that a source is multiply imaged, we
checked the HST images for possible photometric counterparts
near the model predicted positions. In this step, we added to our
set of multiple images only those with unambiguous photometric
identification and with correct parity and colours. This allowed
us to include multiple images that are outside the MUSE field
of view or too faint (given the different lensing magnification
of each multiple image) to be spectroscopically confirmed. The
images selected in this way always belong to a family with mea-
sured redshift and are considered secure identifications. In Fig-
ure 1, we show the positions of all multiple images used in our
models and in table A.2 we list their positions, MUSE redshifts
and previous measurements from the literature, when present.
Moreover, in Figure A.1, we show the spectral features used to
measure the multiple image redshifts from the MUSE spectra.
We were able to confirm all previously published redshift
measurements of the multiple images within the MUSE field of
views, except for family 11 behind MACS J2129. This system
was confirmed at z = 6.85 by Huang et al. (2016) using HST
grism and Keck/DEIMOS data. At this redshift, the Lyman-α
line is outside the MUSE wavelength range, that extends out to
9350Å, corresponding to a maximum limit of z ≈ 6.69 to detect
this line. Moreover, for family 9 behind MACS J0329 (see also
Zitrin et al. 2012), we make use of archival ESO/FORS2 data to
support our MUSE measurement of z ≈ 6.1, using the Lyman-
break detection, and assign to this redshift a QFMUSE = 2. The
ESO/FORS2 observations were obtained under the ESO pro-
gramme ID 096.A-0650 (P.I. Vanzella) and we used the reduc-
tion methodology described in Vanzella et al. (2011, 2014). The
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Fig. 5: Top panel: ESO/FORS2 stacked spectrum of the multi-
ple images belonging to family 9 in MACS J0329 in arbitrary
units, totaling 33 hours of exposure time on target. The original
data and continuum are shown in blue and orange, respectively.
The vertical red line indicates the Lyman-break position around
≈ 8720Å and the dashed horizontal line shows the zero level.
Middle and bottom panels: the two-dimensional signal-to-noise
ratio of the data and the sky emission.
multiple images 9b, 9c, and 9d were observed with an exposure
time of 11 hours each, totalling 33 hours on the same source.
In Figure 5, we show the stacked one-dimensional spectrum and
the two-dimensional signal to noise ratio and sky emission. The
spectrum shows a clear feature around 8720Å that we associate
to the break at 1215.7 Å rest-frame. This break is in very good
agreement with the MUSE data (see Figure A.1) and supports
our measurement. In total, we present 27 new spectroscopic
measurements of multiple image families and confirm other ten
with previous redshift determinations.
We note that there are four clusters with a large number
of spectroscopically confirmed families (Nspec > 5, namely
RX J2129, MACS J1931, MACS J0329, and MACS J2129),
and four with a smaller number of strong lensing constraints
(MACS J1115, MACS J0429, RX J1347 and MACS J1311). For
the second group, in order to have a larger number of observ-
ables to constrain the values of the free parameters of the models,
we also included multiple image families without spectroscopic
confirmation. To do that, we inspected previous identifications
available in the literature (see e.g. Zitrin et al. 2015, and refer-
ences therein) and again select multiple images based on their
positions, colours and parities. For these families, we used the
photometric redshift estimates from Molino et al. (2017) to build
priors for the strong lensing models. We assumed flat priors for
the redshift values, where the lower and upper limits were taken
as the minimum and maximum of the 68% confidence levels of
all images of each source (excluding the cases where there is
clear contamination from bright nearby objects). In Table A.2,
within brackets, we show the allowed redshift range of each fam-
ily, that we used in the model optimization and sampling.
Because of this difference between the number of spectro-
scopic confirmations and the use of multiple image families se-
lected from the photometric data only, we treated the two sam-
ple of clusters separately. We refer to the sample of clusters
with good constraints as ’gold’ sample and explore a variety
of parametrizations with increasing complexity. Conversely, the
small number of multiple images of the second sample, called
’silver’, did not allow us to test models with a large number
of free parameters. Therefore, we considered only a unimodal
smooth mass component, except for RX 1347 that has two very
bright central galaxies and is known to be a merging system (see
e.g. Schwarz et al. 1992; Allen et al. 2002; Ueda et al. 2018).
4. Strong lensing model results
As mentioned in Section 3.1, we used a bottom-to-top approach
in order to find the mass model that better reproduces the posi-
tions of all multiple images. We first considered simple models
with one smooth PIEMD mass component plus galaxy members.
Since merging clusters or systems with high asymmetries in their
mass distributions cannot reproduce the observed positions of
all multiple images with only one smooth component (see e.g.
Lagattuta et al. 2017; Caminha et al. 2017b), we gradually in-
creased the complexity of our models by including additional
smooth mass components and allowing values of the BCG pa-
rameters to vary independently from those of the other cluster
members. These different models are tested for our gold sample
of clusters, whereas in the silver sample we do not have enough
constraints. Therefore, in these last four clusters we considered
only simple models.
For each model, we computed the values of the best fitting
∆rms and χ2min, considering a positional error σ
obs
j = 0
′′.5 for all
multiple images. We used this value of the positional errors to ac-
count for mass perturbers along the line of sight and limitations
of parametric models. This is in agreement with some theoreti-
cal predictions (Host 2012) and estimates obtained from real data
(Chirivì et al. 2018). In Table 5, we summarise all models we op-
timised in our sample and give the numbers of free parameters
(Npar) and degrees of freedom (DOF ≡ number of constraints −
Npar). Moreover, we also show the values of the Bayesian in-
formation criterion (BIC, Schwarz 1978) and of the Akaike in-
formation criterion (AIC, Akaike 1974). These two quantities
are particularly important to select the best model, balancing be-
tween the goodness of the fit and the number of free parameters.
Therefore, the models with smaller BIC and AIC values were
selected to be our reference models. We note that both BIC and
AIC values select the same reference model for each cluster.
For the reference models (indicated in bold in Table 5), we
have run lenstool also in the sampling mode to obtain the pos-
terior distribution of each model parameter. Although the values
of the χ2min are already close to those of the number of DOF,
we rescaled the values of σobsj in order to have χ
2
min/DOF = 1
and obtain more realistic statistical uncertainties for the model
parameters. For each model, ten different sets of Markov Chain
Monte Carlo (MCMC) are run until they reach a value of the so-
called Gelman-Rubin test (Brooks & Gelman 1998) lower than
1.2 for all model parameters, thus indicating the convergence of
the chains. We quote the median values and the the 68%, 95%
and 99.7% confidence level intervals of all model free parame-
ters in Table A.1.
In addition to the best PIEMD models, we also sampled a
model with a gNFW profile for the main smooth mass compo-
nent, to quantify the dependence of the reconstructed total mass
distribution on the specific choice of the smooth mass profile. We
remark that the pseudo-elliptical implementation of the gNFW
profile in lenstool might lead to unphysical projected mass
density distributions (see Section 3.1). We used these models
only for the sake of comparison with our reference models. In
the following subsections, we briefly discuss the details of the
strong lensing models of all eight clusters.
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Table 4: Strong lensing model general information.
Cluster zcluster N
spec
src N
phot
src Nimg z
spec
range M
SL,a
<200 kpc
[
1014M
]
MWL,c200crit
[
1014M
]
RWL,c200crit
[
Mpc
]
RX J2129 0.234 7 0 22 [0.68 − 3.43] 1.19 ± 0.01 7.78 ± 2.43 1.76 ± 0.18
MACS J1931 0.352 7 0 19 [1.18 − 5.34] 1.70 ± 0.02 11.62 ± 2.84 1.92 ± 0.16
MACS J0329 0.450 9 0 23 [1.31 − 6.17] 1.87 ± 0.02 12.70 ± 2.19 1.90 ± 0.11
MACS J2129 0.587 11 0 38 [1.05 − 6.85] 1.84 ± 0.01 N/A N/A
MACS J1115b 0.352 2 1 9 [2.55 − 2.92] 1.65 ± 0.20 17.91 ± 3.81 2.22 ± 0.16
MACS J0429b 0.399 2 1 11 [2.93 − 3.86] 1.28 ± 0.03 8.88 ± 1.70 1.72 ± 0.11
RX J1347b 0.451 4 4 20 [1.76 − 4.08] 2.42 ± 0.05 35.40 ± 5.05 2.68 ± 0.13
MACS J1311b 0.494 1 2 8 [2.19] 1.43 ± 0.07 4.6 ± 0.3d 1.33 ± 0.03d
Notes. (a) Total mass value projected within a circle with a radius of 200 kpc computed using our strong lensing reference models, as described in
Table 5. (b) Clusters with shallow MUSE data (< 1 hour) or with a small number of spectroscopically confirmed multiple images. (c) MWL200crit and
RWL200crit are weak lensing measurements taken from Umetsu et al. (2018).
(d) Weak lensing values for MACS J1311 are taken from Merten et al.
(2015), the most recent measurements for this cluster.
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Fig. 6: Top row: cumulative projected total mass profile out to R = 470 kpc from our reference lensing models using the PIEMD
(blue) and gNFW (magenta) profiles for the main smooth mass component. Red and green regions show the models from Zitrin et al.
(2015) with the two parametrizations NFW and LTM, respectively. Bottom row: Same for the total surface mass density profile. The
areas correspond to the 95% confidence level regions from 1000 random realizations of our models and 100 for the NFW and LTM
models. Vertical lines indicate the distances from the BCG of the multiple images used to constraint the cluster total mass model in
this work (black) and in Zitrin et al. (2015) (red, mainly with no spectroscopic measurements). The position of the centre used to
compute the profiles in each realization is given by the centre of mass estimated within a circle of 10′′ radius from the BCG. We
remark that the external smooth components of MACS J1931 and MACS J2129 do not affect the total mass distributions over the
radial distances considered here.
4.1. RX J2129
The multiple images of RX J2129 are located within ≈ 100 kpc
from the cluster centre and out to zsrc = 3.43, the smallest red-
shift range for our gold lenses. The positions of the galaxy mem-
bers and of the multiple images (see Figures 2 and 1) suggest a
fairly regular total mass distribution, although some asymmetry
in the intracluster light (ICL) towards the south-west region can
be noted.
The observed positions of all 22 multiple images are well
reproduced, with ∆rms = 0′′.2, by a single smooth mass com-
ponent plus the galaxy members. The inclusion of extra smooth
mass components reduces further the value of ∆rms, but the in-
creased values of the BIC and AIC do not justify these extra free
parameters. RX J2129 is also the least massive cluster in our full
sample, with MSL(< 200 kpc) ≈ 1.2 × 1014M. We note that in
previous strong lensing analysis, presented in Zitrin et al. (2015),
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Table 5: Models summary.
Model ID N. par. DOF ∆rms[′′] χ2min BIC AIC Description
RXJ 2129-P1 8 22 0.20 3.39 34.7 27.6 One smooth elliptical PIEMD component
RXJ 2129-gNFW1 9 21 0.22 4.40 36.7 30.1 One smooth elliptical gNFW component
RXJ 2129-P2 14 16 0.13 1.56 38.8 38.7 Two smooth elliptical PIEMD components
RXJ 2129-P2-circular 12 18 0.14 1.71 37.0 34.8 Second smooth component with circular symmetry
RXJ 2129-P1-shear 10 20 0.20 3.37 36.6 31.6 Same as P1 plus an with external shear term
RXJ 2129-P1-BCG 10 20 0.19 3.31 36.6 31.6 Same as P1 but with free circular BCG parameters
RXJ 2129-P1-BCG-shear 12 18 0.19 3.30 38.6 35.6 Same as BCG but plus an external shear term
RXJ 2129-P1-BCGell 12 18 0.16 2.37 37.6 35.1 Same as P1 but with free elliptical BCG parameters
MACS J1931-P1 8 16 0.93 41.0 94.1 57.5 One smooth elliptical PIEMD component
MACS J1931-P2 14 10 0.34 9.00 43.3 41.1 Two smooth elliptical PIEMD components
MACS J1931-P2-circular 12 12 0.38 10.9 43.2 38.0 Second smooth component with circular symmetry
MACS J1931-gNFW2-curcular 13 11 0.39 11.5 44.7 40.3 Main smooth component parametrised by gNFW
MACS J1931-P1-shear 10 14 0.58 25.4 55.7 41.3 Same as P1 plus an external shear term
MACS J1931-P1-BCG 10 14 0.69 36.2 66.5 46.7 Same as P1 but with free circular BCG parameters
MACS J1931-P1-BCGell 12 12 0.55 23.4 55.7 44.3 Same as P1 but with free elliptical BCG parameters
MACS J0329-P1 8 20 1.74 278 310 165 One smooth elliptical PIEMD component
MACS J0329-P2 14 14 0.32 9.15 47.3 43.0 Two smooth elliptical PIEMD components
MACS J0329-P2-circular 12 16 0.73 49.2 85.3 59.0 Second smooth component with circular symmetry
MACS J0329-P3-circular 18 10 0.26 6.04 48.2 49.4 Same as P2 plus a 3rd circular component
MACS J0329-P3 20 8 0.25 5.63 49.7 53.2 Same as P2 plus a 3rd elliptical component
MACS J0329-P2-shear 16 12 0.24 5.18 45.3 45.0 Same as P2 plus an external shear term
MACS J0329-gNFW2-shear 17 11 0.22 4.43 45.5 46.6 Main smooth component parametrised by gNFW
MACS J0329-P2-BCG 16 12 0.31 8.71 48.8 46.7 Same as P1 but with free circular BCG parameters
MACS J0329-P2-BCGell 18 10 0.29 9.00 50.1 50.4 Same as P1 but with free elliptical BCG parameters
MACS J2129-P1 8 46 1.10 180 226 123 One smooth elliptical PIEMD component
MACS J2129-P1-shear 10 44 1.05 162 211 118 Same as P1 plus an external shear term
MACS J2129-P1-BCG 10 44 0.99 149 197 111 Same as P1 but with free circular BCG parameters
MACS J2129-P1-BCGell 12 42 0.94 134 184 108 Same as P1 but with free elliptical BCG parameters
MACS J2129-P2-circular 12 42 0.71 77.4 128 79.9 Second smooth component with circular symmetry
MACS J2129-P2 14 40 0.56 47.1 99.5 68.7 Two smooth elliptical PIEMD components
MACS J2129-gNFW2 15 39 0.83 105 158 99.5 Main smooth component parametrised by gNFW
MACS J2129-P2-circular-shear 14 40 0.65 62.8 115 76.5 Same as P2-circular plus an external shear term
MACS J2129-P3-circular 16 38 0.64 62.0 116 80.1 Three smooth components with circular symmetry
Cluster sample with small number of constraints
MACS J1115-P1 9 3 0.61 13.2 32.8 28.7 One smooth elliptical PIEMD component
MACS J0429-P1 9 7 0.32 4.38 26.1 25.2 One smooth elliptical PIEMD component
RX J1347-P2 18 6 1.05 87.7 127 88.9 Two smooth elliptical PIEMD
RX J1347-P2-shear 20 4 0.36 10.1 51.1 54.1 Two smooth elliptical PIEMD plus an external shear term
MACS J1311-P1 10 0 0.88 24.9 44.4 36.1 One smooth elliptical PIEMD component
Previous models
Abell 1063 14 62 0.44 44.5 125 84.1 Updated model from Caminha et al. (2016a)
MACS J1206 22 88 0.44 41.0 225 143 Model from Caminha et al. (2017b)
MACS J0416 26 104 0.59 143 266 169 Model from Caminha et al. (2017a)
Notes. For each model, we present the number of free parameters (N. par.), the degree of freedom (DOF), the root-mean-square difference between
the model predicted and observed multiple image positions (∆rms), the minimum χ2 (see Equation 2), the Bayesian and Akaike information criteria
(BIC and AIC, respectively), and a short description of the model parametrization. Rows in boldface are our reference models, since they have the
lowest BIC and AIC values. Model IDs in italics have the main smooth component parametrised by a gNFW mass profile.
one multiple image belonging to family ID 2 was wrongly as-
signed. Multiple image 2a here (with zMUSE = 0.916, see Ta-
ble A.2; their image ID 5.3) was wrongly assigned to a nearby
foreground object, located ≈ 4′′ from the correct one, and with
zMUSE = 0.671.
4.2. MACS J1931
MACS J1931 shows a strong BCG activity and an indication
of a current infalling process of some galaxy members. How-
ever, its multiple image positions and X-rays emission indicate
a regular total mass distribution. Our strong lens model is com-
posed of two smooth mass components in addition to the galaxy
members. The first smooth component is located very close to
the BCG centre and has a fairly low ellipticity value (ε ≈ 0.56,
see Table A.1). A second smooth mass component with circu-
lar symmetry reduces significantly the best fitting ∆rms and is
favoured by the information criteria. This component is located
relatively far (≈ 300 kpc) from the cluster centre, however its
position is not well determined by the available strong lensing
constraints alone.
We remark that in previous works on HFF clusters the addi-
tion of extra smooth mass components within 500 kpc from the
cluster centre (Mahler et al. 2018, for Abell 2744) or an exter-
nal shear component (Lagattuta et al. 2019, for Abell 370) was
used in order to obtain better models and lower final multiple
image ∆rms. In the case of Abell 2744, a detection of possible
extra smooth components was discussed in Jauzac et al. (2016),
using weak lensing information. We argue that the reduced val-
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Fig. 7: Same as in Figure 6, but for the silver sample, i.e. the four clusters with lower number of strong lensing constraints.
ues of the BIC and AIC parameters obtained with the inclusion
of a second mass component in the model of MACS J1931 might
be an indication of the presence of an extra mass concentration.
However, a detailed weak lensing study in the corresponding re-
gion is not possible with the data currently available.
4.3. MACS J0329
In this cluster, all multiple images are located around the south-
east BCG (see Figure 1), however the second bright galaxy lo-
cated in the north-west indicates that the cluster is possibly un-
dergoing a merging event. In order to reproduce well the po-
sitions of all multiple images, a second smooth mass compo-
nent must be included around this galaxy (indicated as NW in
the top-right panel of Figure 1). This model improves signifi-
cantly the final ∆rms and is accepted by the BIC and AIC cri-
teria. We note that no secure multiple image systems or photo-
metrically selected candidates are present around the north-west
BCG, making our strong lensing constraints weaker in that re-
gion. Although an elongated gravitational arc is visible near the
north-west BCG, this is not multiply lensed and does not add
constraints to our models.
The BIC and AIC information criteria do not show clear pref-
erence between the parametrizations with and without an exter-
nal shear term (model IDs MACSJ0329-P2 and MACS J0329-
P2-shear in Table 5). We note that despite the differences in the
two parametrizations, the final total mass and density profiles are
nearly identical, therefore the specific choice between these two
models will not affect our conclusions in this work. Because of
the lower values of the reduced χ2 and final ∆rms, we select here
as reference the model with the presence of an external shear
term.
4.4. MACS J2129
MACS J2129 is the cluster with the largest set of multiple im-
ages (i.e. strong lensing constraints) in our sample. Although the
spectroscopic data have qualities similar to those of other clus-
ters in this work, its higher redshift (z ≈ 0.6) and total mass
probably make it a more efficient gravitational lens. The most
recent strong lensing model, presented in Monna et al. (2017),
made use of eight multiple image families, for which six were
spectroscopically confirmed by CLASH-VLT and GLASS. The
five new confirmations of multiple image families presented in
this work highlights the high efficiency of MUSE over previous
surveys in the cores of galaxy clusters.
The best-fit model is composed of two smooth mass com-
ponents, one centred near the BCG and the other located ≈ 38′′
(≈ 250 kpc) south from the cluster centre. Interestingly, the posi-
tion of this second smooth mass component lies close to a group
of cluster members and an arclet (not multiply lensed) candidate.
In the gold sample, MACS J2129 is the cluster with the high-
est value of ∆rms. Despite that, the reduced χ2 is 1.18, indicating
a good fit. The relatively high value of ∆rms (= 0′′.56) can be
explained by the limitations of simple parametric models to re-
produce an increasingly large number of multiple images. For
instance, the cluster MACS J0416 is the cluster with the largest
number of spectroscopically confirmed multiple images to date
(Caminha et al. 2017a) and has the largest ∆rms in the full sample
of this work (see Table 5).
4.5. MACS J1115
As discussed in Section 3.3, four clusters have a small number
(< 5) of spectroscopic multiple image families. These clusters
form our silver sample and MACS J1115 belongs to it. MUSE
observations were carried out off-centred with respect to the
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BCG and located ≈ 40′′ towards the north-west direction, see
Figure 3. In addition to the two spectroscopic families (one con-
firmed by MUSE and the other by CLASH-VLT), we included
a family with three multiple images with secure identification
from the HST data (see Figure 1). The positions of all multiple
images is recovered by one single smooth mass component with
∆rms = 0′′.61. The low number of constraints does not allow us
to test more complex mass model.
4.6. MACS J0429
To model MACS J0429, we used the constrains from three mul-
tiple image families, two of which have spectroscopic confirma-
tion from MUSE. The third family shows an Einstein Cross con-
figuration with four clear detections in the HST images. Three
multiple images (IDs 3.b, 3.c and 3.d) have a relatively secure
photometric redshift value in the range [1.64 − 1.79], whereas
the fourth (ID 3.a) is strongly contaminated by the BCG. Our
model with one smooth mass component can reproduce well the
positions of all multiple images, with ∆rms = 0′′.32.
4.7. RX J1347
RX J1347 is a very massive cluster at zcluster = 0.451 with
M200crit = (3.54 ± 0.51) × 1015M from weak lensing only mea-
surements (see Table 4), and shows two bright central galax-
ies. For the membership selection of this cluster we have also
included five redshifts from Cohen & Kneib (2002) and two
from Verdugo et al. (2012), in addition to the CLASH-VLT and
GLASS measurements, in our spectroscopic sample. By using
X-ray and Sunyaev–Zel’dovich observations, Ueda et al. (2018)
argues that this cluster is likely to be undergoing the first pas-
sage of a major merging event and shows that the intra cluster
medium has been perturbed by this event. In Ueda et al. (2018),
the most recent strong lensing model of this cluster is presented,
using the software GLAFIC (Oguri 2010). The authors consider
a set of strong lensing constraints very similar to that in Zitrin
et al. (2015). Moreover, they include a family containing six
multiple images (family ID 3 of Ueda et al. 2018). This fam-
ily has no spectroscopic confirmation and for some images the
lensing effect is dominated by the mass distribution on the scale
of galaxy members. Since the identification of some images can-
not be considered secure due to significant differences between
the model-predicted values of magnification and parity from the
strong lensing model and those observable in the HST data, we
decide not to include this family in our model. In addition, we re-
moved multiple images with dubious photometric identification.
As a result, we used 11 multiple images with photometric iden-
tification only (belonging to four families) in addition to the six
multiple images with MUSE redshifts (three families) and one
family (with three multiple images) with previous spectroscopy
(Bradacˇ et al. 2008; Halkola et al. 2008). We note that further
deep and wide MUSE observations will become available in the
near future and will likely provide a larger number of strong lens-
ing constraints, that will clarify any apparent inconsistency in the
models.
As in the previous strong lensing models of this cluster, we
have to consider two smooth mass components in order to repro-
duce the positions of all multiple images. Moreover, we show
that an external shear component improves significantly the best
fitting model with no penalty to the BIC and AIC factors. Al-
though the final ∆rms = 0′′.36 is relatively small, the low number
of DOF of this model suggests that the total mass distribution of
this cluster might not be accurately described with the current
data.
4.8. MACS J1311
MACS J1311 is the cluster with the smallest number of strong
lensing constraints presented in this work, having spectroscopic
confirmation for only one multiple image family. The other two
photometrically selected families show two and three multiple
images. Even in the simplest mass model composed of one
smooth component plus galaxy members, the number of free pa-
rameters (eight for the mass distribution and two free redsfhits)
is equal to the number of constraints. This strong lensing model
has ∆rms = 0′′.88, the highest value in our sample.
4.9. Cluster sample mass distribution
In Tab. 5, we see that three out of four of the gold clusters prefer
a secondary smooth mass component and/or an external shear
term. Particularly two clusters, MACS J1931 and MACS J2129,
have secondary smooth mass components relatively far from
their luminosity centres and with no obvious association to
bright galaxy members. Although the inclusion of these extra
components is supported by the information criteria, we can-
not reconstruct their physical properties very accurately, given
the strong lensing data presented here. Unfortunately, both clus-
ters lack detailed and deep weak lensing analyses. In the case of
MACS J2129, this is not possible due the presence of a strong
galactic cirrus in the field of view, and MACS J1931 has the
second smallest surface number density of back ground sources
in the CLASH sample (see Table 3 in Umetsu et al. 2016).
Therefore, possible detections of substructures using weak lens-
ing, similarly to the work by Jauzac et al. (2016, 2018), is very
difficult in these two clusters. We remark that in this work we
focus on the inner total mass distribution of these clusters, that
is, R < 200 kpc, where the contribution of these secondary mass
components represents only a very small fraction of the total.
Moreover, we notice that the information criteria favour always
cluster mass models where the BCG profiles are scaled accord-
ing to the relations valid for all other cluster members.
In addition to the intrinsic limitations of parametric mod-
els to represent complex mass distributions in some irregular
or merging clusters, mass concentrations along the line-of-sight
might introduce extra deflections to the light of background
sources and these are not taken into account in our work. How-
ever, in Chirivì et al. (2018), the detailed study of the effect of
these extra perturbers in MACS J0416 shows that, for a realis-
tic case, the projected total mass density profile of the cluster is
not significantly affected (see e.g. their Figure 18). Another pos-
sible source of systematics in our modelling is some deviation
of the adopted mass-to-light scaling relations of cluster mem-
bers. This effect has been also recently addressed in Bergamini
et al. (2019) by using robust stellar kinematics information of the
cluster members. When comparing our previous lens models of
MACS J1206, MACS J0416 and Abell 1063 to the new models
using prior information from the member kinematics, the authors
show that the differences in the total mass distribution is of the
order of a few percent and within the statistical errors, in the
region where the multiple images are observed. Therefore, al-
though our modelling might be subject to some intrinsic system-
atics, their effect on the total mass profiles of the cluster sample
should be very small.
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Fig. 8: Projected total mass (cumulative, left panel) and mass density (right panel) profiles rescaled by the quantities M200c and R200c
from independent weak lensing measurements. In addition to the four galaxy clusters with the best strong lensing models presented
in this work (i.e., the gold sample), we also show the profiles of MACS J1206, Abell 1063 and MACS J0416, the last one is known
to be a prominent merging cluster. The vertical lines indicate the distances from the cluster centers of the multiple images belonging
to the spectroscopically confirmed families.
In Figures 6 and 7, we show the circularly averaged projected
total mass (cumulative) and mass density profiles for each clus-
ter for both the gold and silver samples. For the gold sample, we
also show the gNFW models, in addition to the reference PIEMD
ones. Remarkably, the different mass models provide very simi-
lar results in the regions where the multiple images are located.
This indicates that, given our good sample of strong lensing con-
straints, the recovered total mass distribution is mildly sensitive
to the specific parametrization of the smooth mass component.
Moreover, we show for comparison the total mass distributions
obtained by Zitrin et al. (2015) with the PIEMDeNFW and light-
traces-mass (LTM) methods. The differences between the results
obtained with these last two methods and those presented in this
work might be ascribed primarily to the different sets of strong
lensing constraints: Zitrin et al. (2015) only had very small num-
ber of spectroscopically confirmed multiple images available.
The discrepancies between our and previous results are more ev-
ident in the very inner regions (i.e. at R < 30 kpc) and become
less pronounced at large radii (i.e. at R > 250 kpc). Finally, the
smaller number of strong lensing constraints of the silver sam-
ple (Figure 7) yields larger statistical errors on the recovered to-
tal mass distribution. We were able to measure the total mass
profiles of the clusters in this sample with a ≈ 2% − 10% statis-
tical uncertainties within 200 kpc from the cluster centres (see
Table 4). However, these measurements of the silver sample are
less precise and more likely to be biased than the ones of the
gold clusters.
In order to compare the total mass profiles of the clusters in
our gold sample, we used the values of M200c and R200c from
independent weak lensing measurements (Umetsu et al. 2018)
to rescale our total mass and mass density profiles. We remark
that weak lensing studies probe the outer regions of the clusters,
with the innermost meaningful constraints typically located at
R ≈ 300 kpc. In Figure 8, we show the projected total mass and
density profiles of clusters in our sample, after rescaling the mass
and physical scale of clusters by these two quantities. We also in-
clude in this comparative analysis Abell 1063, MACS J1206 and
MACS J0416 from Caminha et al. (2016a, 2017a,b). Since the
cluster MACS J2129 does not have weak lensing measurements,
we use an empirical scaling relation between MSL
(
R < 200 kpc
)
and MWL200crit obtained using the other six clusters to rescale its
mass profiles. All clusters have a relatively large number of
strong lensing constraints in the region 10−2 . R/R200c . 10−1
and we find that the shape of the one dimensional averaged pro-
jected total mass and mass density profiles are remarkably sim-
ilar. Even MACS J0416, which is a highly asymmetric merging
cluster, does not deviate significantly from the overall homol-
ogous profiles. Within 10% and 20% of R200c, we measure a
mean projected total mass value for our seven clusters of 0.13
and 0.32×M200c, respectively, finding a remarkably small scatter
of 5-6 %. At these same radii, for the projected total mass density
profiles, we find a mean value of 9.0 and 4.7 × M200c pi−1 R−2200c,
with a slightly larger scatter of 7% and 9%. The observed trend
is consistent with the predictions by Diemer & Kravtsov (2014),
according to which dark-matter halos reveal a self-similar be-
haviour in their inner (or outer) structure when their mass pro-
files are expressed in units of spherical overdensity radii defined
with respect to the critical (or mean) density of the Universe, es-
pecially R200c (or R200m, see also Umetsu & Diemer 2017). Since
the cluster total mass profiles reconstructed with a gNFW or a
PIEMD main mass component are very similar (see Figure 6),
we conclude that the observed self-similarity does not depend
on the specific modelling details.
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5. Conclusions
In this work, we have performed a detailed strong lensing anal-
ysis of eight CLASH galaxy clusters, making use of extensive
spectroscopic information from MUSE and complemented with
CLASH-VLT. Our cluster sample spans a range of masses of
MWL200c = [5 − 35] × 1014 M (from weak lensing measure-
ments, Merten et al. 2015; Umetsu et al. 2018) and redshifts
zcluster = 0.23 − 0.59. We used primarily MUSE spectroscopy
to build a bona-fide set of strong lensing constraints (i.e. mul-
tiple image families), and to have a clean selection of galaxy
cluster members. Four lens clusters in our sample have spectro-
scopic confirmation of more than five multiple image families,
defining our gold sample, whereas the other four clusters have a
limited number of constraints (see Table 4). For the gold sample,
we investigated different mass models with increased complexity
and use the BIC and AIK information criteria in order to select
our reference models. Given the small number of strong lens-
ing constraints for the silver sample, we used there only simple
models to describe the cluster total mass distributions. Although
we can constrain the total mass profiles of these clusters with
≈ 2%−10% statistical errors, these last lens models are less pre-
cise and more likely to be biased. Therefore, our conclusions on
the total mass distributions of the clusters studied in this work
are focused only on the gold sample. The main results can be
summarised as follows:
– We built strong lensing models with a bottom-to-top ap-
proach, where we have first considered simple unimodal
parametrizations and have gradually increased their com-
plexity. In order to choose the reference models with PIEMD
profiles for the the smooth components, we used the BIC and
AIK criteria to balance the goodness of a fit and the number
of free parameters of a model. In our gold sample, the mod-
els can reproduce well the positions of all multiple images,
with values of ∆rms in the range of 0′′.2 − 0′′.6.
– When testing a pseudo-elliptical gNFW profile for the main
smooth mass components, we found that the overall shapes
of the reconstructed total mass and mass density profiles are
similar to those obtained with a PIEMD profile. This indi-
cates that, with a sufficiently large number of strong lensing
constraints, modelling details do not affect the general con-
clusions on the cluster total mass distributions, supporting
the robustness of our results.
– When comparing our cluster total mass profiles with those
obtained in previous strong lensing analyses, we found some
differences in the very inner regions (R < 30 kpc). This might
be explained by the smaller sets of strong lensing constraints
used in the past, based on a very limited number of spectro-
scopically confirmed multiple images.
– Three out of four clusters in our gold sample require a sec-
ondary smooth mass component and/or an external shear
term. Although the strong lensing constraints cannot provide
detailed information on these components, because they are
located in the cluster external regions (R & 200 kpc) where
only a few multiple images are present, their inclusion in the
models is favoured by the BIC and AIK criteria. Given their
projected distances from the cluster centres, these compo-
nents do not affect significantly the inner total mass distribu-
tions of the clusters in our sample.
– In order to compare the total mass profiles of the different
clusters in our gold sample and in some of our previous anal-
yses, we rescaled them using independent weak lensing mea-
surements. Remarkably, we found that all clusters have very
similar one-dimensional projected total mass profiles with a
small scatter of 5% at R = 0.1R200c, including MACS J0416
that is a clear merging cluster. This is a noteworthy observa-
tional confirmation of the self-similarity of cluster-size halos
predicted by cosmological simulations.
The high-quality strong lensing modelling presented in this
work adds up to the sample of clusters with accurate total mass
measurements in their inner regions (i.e. R < 200 kpc) and con-
stitutes an optimal sample to be compared to N-body and hy-
drodynamical simulations of clusters. Investigations of the sep-
arate dark matter and baryonic mass components (hot-gas and
stars, see eg., Annunziatella et al. 2017; Bonamigo et al. 2017,
2018) in a statistically significant sample of clusters might lead
to interesting constraints on the physical nature of dark matter.
Moreover, the MUSE data presented in this work and the mag-
nification maps produced by our analyses increase the number
of gravitational telescopes with accurate lens models that can be
used to study the very faint galaxy population at high redshift.
Finally, we make publicly available all MUSE spectroscopic
redshift measurements in the electronic version of this paper.
The convergence, shear and magnification maps, as well as the
lenstool configuration files of the strong lensing models, are
also available online2.
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Fig. A.1: MUSE spectra of multiply lensed background sources. Vertical black lines indicate the positions of spectral features used
to estimate the redshifts. The grey area shows the rescaled variance obtained from the data reduction pipeline; the flux is given in
units of 10−20 erg s−1 cm−2 Å−1. The image boxes are extracted from the CLASH colour images and have 2′′ side. The white circles
show the HST counterparts and, for the cases with no apparent photometric counterparts, they are centred at the position of the
MUSE peak emission.
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Fig. A.1: (Continued)
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Fig. A.1: (Continued) We remark that multiple image MACS J0329-9c has an independent redshift measurement from Vanzella et
al. (in prep.).
Article number, page 19 of 27
A&A proofs: manuscript no. main
9100 9120 9140 9160 9180
Observed wavelength
[
A˚
]
0
20
40
60
R
el
at
iv
e
flu
x
[OII]
MACS J2129-5c z = 1.4519 QF = 3
6140 6160 6180 6200 6220
Observed wavelength
[
A˚
]50
100
150
R
el
at
iv
e
flu
x
[CIII]
MACSJ2129-6ab z = 2.2427 QF = 3
4960 4980 5000 5020
Observed wavelength
[
A˚
]
0
20
40
60
R
el
at
iv
e
flu
x
Lyα
MACS J2129-7a z = 3.1059 QF = 9
4960 4980 5000 5020
Observed wavelength
[
A˚
]0
100
R
el
at
iv
e
flu
x
Lyα
MACS J2129-7b z = 3.1059 QF = 9
4960 4980 5000 5020
Observed wavelength
[
A˚
]0
50
100
150
R
el
at
iv
e
flu
x
Lyα
MACS J2129-7c z = 3.1059 QF = 9
4900 5000 5100 5200 5300 5400
Observed wavelength
[
A˚
]−25
0
25
50
75
R
el
at
iv
e
flu
x
−SiII −[OIdb]Lyα
MACS J2129-8a z = 3.1100 QF = 3
5920 5940 5960 5980 6000
Observed wavelength
[
A˚
]
0
100
200
R
el
at
iv
e
flu
x
Lyα
MACS J2129-9a z = 3.9006 QF = 3
5920 5940 5960 5980 6000
Observed wavelength
[
A˚
]
0
100
200
R
el
at
iv
e
flu
x
Lyα
MACS J2129-9b z = 3.9006 QF = 3
6540 6560 6580 6600 6620
Observed wavelength
[
A˚
]0
200
400
R
el
at
iv
e
flu
x
Lyα
MACS J2129-10a z = 4.4086 QF = 3
6540 6560 6580 6600 6620
Observed wavelength
[
A˚
]0
100
200
300
R
el
at
iv
e
flu
x
Lyα
MACS J2129-10b z = 4.4086 QF = 3
6540 6560 6580 6600 6620
Observed wavelength
[
A˚
]0
100
200
300
R
el
at
iv
e
flu
x
Lyα
MACS J2129-10c z = 4.4086 QF = 3
6540 6560 6580 6600 6620
Observed wavelength
[
A˚
]0
100
200
300
R
el
at
iv
e
flu
x
Lyα
MACS J2129-10d z = 4.4086 QF = 3
4720 4740 4760 4780 4800
Observed wavelength
[
A˚
]
0
50
R
el
at
iv
e
flu
x
Lyα
MACS J1115-2a z = 2.9175 QF = 9
4720 4740 4760 4780 4800
Observed wavelength
[
A˚
]
0
50
100
R
el
at
iv
e
flu
x
Lyα
MACS J1115-2b z = 2.9175 QF = 3
4720 4740 4760 4780 4800
Observed wavelength
[
A˚
]
0
25
50
75
R
el
at
iv
e
flu
x
Lyα
MACS J1115-2c z = 2.9175 QF = 9
4740 4760 4780 4800 4820
Observed wavelength
[
A˚
]
0
25
50
75
R
el
at
iv
e
flu
x
Lyα
MACS J0429-1a z = 2.9286 QF = 9
4740 4760 4780 4800 4820
Observed wavelength
[
A˚
]
0
50
R
el
at
iv
e
flu
x
Lyα
MACS J0429-1b z = 2.9286 QF = 9
4740 4760 4780 4800 4820
Observed wavelength
[
A˚
]
0
50
R
el
at
iv
e
flu
x
Lyα
MACS J0429-1c z = 2.9286 QF = 9
4740 4760 4780 4800 4820
Observed wavelength
[
A˚
]
0
50
100
R
el
at
iv
e
flu
x
Lyα
MACS J0429-1d z = 2.9286 QF = 9
5880 5900 5920 5940 5960
Observed wavelength
[
A˚
]75
100
125
150
R
el
at
iv
e
flu
x
Lyα
MACS J0429-2a z = 3.8665 QF = 9
5880 5900 5920 5940 5960
Observed wavelength
[
A˚
]
0
50
100
R
el
at
iv
e
flu
x
Lyα
MACS J0429-2b z = 3.8665 QF = 3
Fig. A.1: (Continued)
Article number, page 20 of 27
G. B. Caminha et al.: Strong lens modelling of eight CLASH clusters from extensive spectroscopy
5880 5900 5920 5940 5960
Observed wavelength
[
A˚
]0
100
200
300
R
el
at
iv
e
flu
x
Lyα
MACS J0429-2c z = 3.8665 QF = 3
5640 5660 5680 5700 5720
Observed wavelength
[
A˚
]
0
50
100
R
el
at
iv
e
flu
x
Lyα
RX J1347-2a z = 3.6804 QF = 9
5640 5660 5680 5700 5720
Observed wavelength
[
A˚
]
0
100
R
el
at
iv
e
flu
x
Lyα
RX J1347-2b z = 3.6804 QF = 9
5640 5660 5680 5700 5720
Observed wavelength
[
A˚
]
0
100
200
R
el
at
iv
e
flu
x
Lyα
RX J1347-3a z = 3.6814 QF = 9
5640 5660 5680 5700 5720
Observed wavelength
[
A˚
]
0
100
200
R
el
at
iv
e
flu
x
Lyα
RX J1347-3b z = 3.6814 QF = 9
6140 6160 6180 6200 6220
Observed wavelength
[
A˚
]0
500
1000
R
el
at
iv
e
flu
x
Lyα
RX J1347-4a z = 4.0790 QF = 3
6140 6160 6180 6200 6220
Observed wavelength
[
A˚
]0
50
100
150
R
el
at
iv
e
flu
x
Lyα
RX J1347-4b z = 4.0790 QF = 3
4800 4900 5000 5100
Observed wavelength
[
A˚
]0
100
200
300
R
el
at
iv
e
flu
x
−SiII −FeIICIV]
MACS J1311-1a z = 2.1867 QF = 3
4800 4900 5000 5100
Observed wavelength
[
A˚
]
0
100
R
el
at
iv
e
flu
x
−SiII −FeIICIV]
MACS J1311-1c z = 2.1867 QF = 3
Fig. A.1: (Continued)
Article number, page 21 of 27
A&A proofs: manuscript no. main
Table A.1: Median values and confidence levels of the cluster total mass distribution parameters from the MCMC analyses of the
reference strong lensing models (see Table 5).
Median 68% CL 95% CL 99.7% CL
RX J2129
Smooth component 1
x (′′) 2.4 +0.3−0.2
+0.5
−0.5
+0.9
−0.7
y (′′) −1.6 +0.1−0.1 +0.2−0.3 +0.3−0.4
ε 0.67 +0.02−0.02
+0.04
−0.03
+0.06
−0.05
θ (◦) −23.7 +0.2−0.2 +0.4−0.4 +0.7−0.6
rcore (′′) 14.0 +0.6−0.5
+1.4
−0.9
+2.5
−1.3
σv (km s−1) 1079 +9−8
+19
−16
+31
−23
Galaxy members
rM, galscut (kpc) 2.1
+2.0
−1.2
+4.4
−1.5
+7.2
−1.6
σ
M, gals
v (km s−1) 392 +170−85
+307
−123
+352
−144
MACS J1931
Smooth component 1
x (′′) 0.09 +0.13−0.13
+0.25
−0.25
+0.39
−0.39
y (′′) 0.22 +0.36−0.31
+0.71
−0.60
+1.02
−0.87
ε 0.56 +0.02−0.02
+0.04
−0.05
+0.05
−0.07
θ (◦) 83.1 +0.7−0.7
+1.3
−1.4
+2.0
−2.2
rcore (′′) 9.6 +0.8−1.1
+1.6
−2.0
+2.5
−2.4
σv (km s−1) 1199 +20−26
+39
−54
+56
−74
Smooth component 2
x (′′) 42 +21−15
+46
−28
+57
−36
y (′′) −131 +45−45 +70−65 +82−69
rcore (′′) 12 +9−8
+12
−11
+13
−12
σv (km s−1) 756 +181−151
+379
−269
+529
−358
Galaxy members
rM, galscut (kpc) 7
+15
−6
+32
−7
+38
−7
σ
M, gals
v (km s−1) 248 +231−101
+492
−208
+560
−237
MACS J0329
Smooth component 1
x (′′) 0.04 +0.26−0.27
+0.52
−0.56
+0.76
−0.85
y (′′) 0.02 +0.23−0.24
+0.46
−0.49
+0.68
−0.74
ε 0.25 +0.02−0.02
+0.05
−0.04
+0.07
−0.06
θ (◦) 86 +4−4
+7
−8
+11
−11
rcore (′′) 4.7 +0.6−0.6
+1.2
−1.1
+1.9
−1.7
σv (km s−1) 931 +42−41
+84
−81
+123
−119
Smooth component 2
x (′′) 40 +4−4
+6
−7
+7
−10
y (′′) 20 +4−4
+6
−7
+7
−10
ε 0.52 +0.11−0.11
+0.21
−0.23
+0.29
−0.32
θ (◦) 71 +7−7
+17
−14
+29
−20
rcore (′′) 29 +4−5
+6
−10
+6
−14
σv (km s−1) 1113 +84−104
+147
−208
+197
−311
External shear
γshear 0.07 +0.02−0.02
+0.04
−0.05
+0.06
−0.07
θ (◦) −56 +7−7 +17−15 +135−27
Galaxy members
rM, galscut (kpc) 65
+32
−23
+54
−38
+58
−46
σ
M, gals
v (km s−1) 161 +13−8
+31
−14
+52
−18
MACS J2129
Smooth component 1
x (′′) 2.33 +0.22−0.23
+0.46
−0.50
+0.73
−0.84
y (′′) 1.62 +0.16−0.14
+0.34
−0.25
+0.51
−0.35
ε 0.62 +0.01−0.01
+0.03
−0.02
+0.05
−0.03
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Table A.1: continued.
Median 68% CL 95% CL 99.7% CL
θ (◦) −5.5 +0.3−0.3 +0.6−0.7 +0.9−1.1
rcore (′′) 11.1 +0.5−0.4
+1.1
−0.8
+1.8
−1.2
σv (km s−1) 1331 +9−10
+17
−22
+26
−38
Smooth component 2
x (′′) 6.0 +1.8−1.2
+4.8
−2.8
+8.6
−5.3
y (′′) −39.1 +2.7−3.5 +5.1−8.4 +8.2−16.0
ε 0.86 +0.03−0.06
+0.04
−0.16
+0.04
−0.36
θ (◦) 45 +6−7
+12
−13
+19
−19
rcore (′′) 2.3 +3.1−1.6
+8.0
−2.2
+15.8
−2.3
σv (km s−1) 452 +70−49
+166
−87
+323
−118
Galaxy members
rM, galscut (kpc) 8
+2
−2
+5
−4
+7
−5
σ
M, gals
v (km s−1) 277 +30−17
+85
−31
+142
−42
MACS J1115
Smooth component 1
x (′′) 1.6 +0.8−1.8
+1.4
−6.9
+2.0
−10.7
y (′′) 2.1 +1.3−2.4
+2.5
−8.3
+3.7
−11.7
ε 0.49 +0.17−0.16
+0.34
−0.28
+0.40
−0.37
θ (◦) 52 +2−3
+3
−6
+4
−8
rcore (′′) 16 +8−7
+17
−14
+29
−16
σv (km s−1) 1300 +173−144
+371
−242
+564
−302
Redshifts
z3 2.8 +0.4−0.6
+0.6
−1.0
+0.6
−1.4
Galaxy members
rM, galscut (kpc) 28
+66
−22
+104
−27
+111
−28
σ
M, gals
v (km s−1) 152 +254−96
+541
−136
+623
−142
MACS 0429
Smooth component 1
x (′′) 0.52 +0.16−0.15
+0.33
−0.29
+0.52
−0.43
y (′′) 0.00 +0.28−0.28
+0.58
−0.61
+0.99
−1.10
ε 0.57 +0.04−0.05
+0.08
−0.11
+0.12
−0.18
θ (◦) 79.9 +0.5−0.5
+1.0
−1.0
+1.5
−1.5
rcore (′′) 4.5 +1.1−0.7
+3.0
−1.1
+5.1
−1.6
σv (km s−1) 1023 +18−17
+55
−39
+103
−63
Redshifts
z3 1.72 +0.04−0.05
+0.06
−0.08
+0.06
−0.09
Galaxy members
rM, galscut (kpc) 29
+32
−22
+44
−28
+46
−28
σ
M, gals
v (km s−1) 128 +87−60
+233
−90
+401
−96
RX J1347
Smooth component 1
x (′′) −0.9 +1.4−1.6 +2.8−2.6 +4.5−3.1
y (′′) −1.9 +1.3−1.2 +2.6−1.8 +4.0−2.3
ε 0.49 +0.11−0.10
+0.19
−0.15
+0.28
−0.19
θ (◦) 104 +4−3
+7
−7
+10
−10
rcore (′′) 9 +6−4
+8
−6
+10
−8
σv (km s−1) 1244 +196−123
+271
−219
+321
−307
Smooth component 2
x (′′) −17 +2−2 +2−3 +2−4
y (′′) −2 +2−2 +3−3 +3−3
ε 0.80 +0.07−0.08
+0.10
−0.19
+0.10
−0.32
θ (◦) 118 +7−6
+13
−10
+18
−15
rcore (′′) 9 +22−6
+37
−8
+41
−9
σv (km s−1) 811 +131−167
+286
−316
+481
−421
External shear
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Table A.1: continued.
Median 68% CL 95% CL 99.7% CL
γshear 0.10 +0.02−0.02
+0.04
−0.03
+0.07
−0.05
θ (◦) 81 +12−11
+20
−19
+25
−26
Redshifts
z5 2.13 +0.09−0.10
+0.12
−0.16
+0.13
−0.17
z6 3.08 +0.57−0.95
+0.75
−2.26
+0.78
−2.61
z7 2.48 +0.11−0.11
+0.15
−0.15
+0.16
−0.16
z8 4.37 +1.17−0.94
+1.76
−1.70
+1.86
−2.21
Galaxy members
rM, galscut (kpc) 30
+54
−22
+78
−27
+83
−29
σ
M, gals
v (km s−1) 213 +140−82
+314
−167
+427
−202
MACS J1311
Smooth component 1
x (′′) −0.9 +0.6−0.6 +1.1−1.3 +1.6−2.0
y (′′) −0.8 +0.8−0.5 +1.9−1.0 +3.6−1.4
ε 0.35 +0.08−0.07
+0.16
−0.14
+0.25
−0.19
θ (◦) 92 +3−2
+6
−5
+10
−7
rcore (′′) 4.9 +1.4−1.3
+2.9
−2.4
+4.5
−3.4
σv (km s−1) 1015 +56−74
+107
−171
+156
−276
Redshifts
z2 6.12 +0.31−0.26
+0.45
−0.35
+0.47
−0.37
z3 2.27 +0.19−0.26
+0.26
−0.49
+0.27
−0.67
Galaxy members
rM, galscut (kpc) 48
+49
−32
+74
−46
+78
−48
σ
M, gals
v (km s−1) 147 +76−70
+156
−102
+362
−107
Notes. The values of the velocity dispersion parameters (σv) are rescaled by the factor
√
2/3 as described in the lenstool manual (see
http://projets.lam.fr/projects/lenstool/wiki/PIEMD). The reference luminosities for the galaxy member parameters (σgalsv and r
gals
cut , see Equation
1) correspond to the the rest-frame magnitude of MF160W = −23 for each cluster.
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Table A.2: Information on the spectroscopically identified multiple images.
ID RA Dec zMUSE zprevious
RX J2129
R2129-1a 322.414 913 0.090 404 0.6786 —
R2129-1b 322.415 181 0.088 961 0.6786 —
R2129-1c 322.416 637 0.086 748 0.6786 —
R2129-2a 322.414 628 0.092 363 0.9160 —
R2129-2b 322.416 294 0.088 075 0.9160 —
R2129-2c 322.416 578 0.087 760 0.9160 —
R2129-3a 322.415 950 0.091 495 1.5194 —
R2129-3b 322.417 340 0.090 656 — —
R2129-3c 322.416 944 0.090 332 — —
R2129-3d 322.418 560 0.084 916 1.5194 —
R2129-4a 322.415 560 0.092 145 1.5202 —
R2129-4b 322.417 479 0.090 179 — —
R2129-4c 322.418 417 0.085 365 1.5202 —
R2129-5a 322.417 966 0.093 266 — —
R2129-5b 322.420 178 0.089 761 1.5210 1.5222a
R2129-5c 322.420 391 0.088 309 1.5210 1.5222a
R2129-6a 322.413 758 0.094 195 3.0815 —
R2129-6b 322.416 734 0.087 758 3.0815 —
R2129-6c 322.416 986 0.087 387 3.0815 —
R2129-7a 322.413 727 0.092 079 3.4270 —
R2129-7b 322.414 431 0.088 627 3.4270 —
R2129-7c 322.417 539 0.083 863 3.4270 —
MACS J1931
M1931-1a 292.955 641 −26.574 172 1.1784 —
M1931-1b 292.963 960 −26.575 193 1.1784 —
M1931-1c 292.952 105 −26.576 185 1.1784 —
M1931-1d 292.956 120 −26.577 482 1.1784 —
M1931-2a 292.957 838 −26.568 578 1.8347 1.8437b
M1931-2b 292.960 708 −26.569 190 1.8347 1.8437b
M1931-2c 292.949 630 −26.570 595 1.8347 —
M1931-3a 292.951 980 −26.582 804 — —
M1931-3b 292.955 438 −26.583 663 2.7069 —
M1931-4a 292.965 506 −26.581 962 4.0005 —
M1931-4b 292.952 996 −26.583 571 4.0005 4.0000b
M1931-4c 292.953 935 −26.583 801 4.0005 4.0000b
M1931-5a 292.953 178 −26.571 337 4.7448 —
M1931-5b 292.950 475 −26.573 298 4.7448 —
M1931-6a 292.958 344 −26.574 077 5.0785 —
M1931-6b 292.962 138 −26.576 978 5.0785 —
M1931-6c 292.960 768 −26.578 636 5.0785 —
M1931-7a 292.952 796 −26.572 809 5.3390 —
M1931-7b 292.951 174 −26.574 441 5.3390 —
MACS J0329
M0329-1a 52.428 128 −2.192 448 — —
M0329-1b 52.420 828 −2.196 024 1.3130 —
M0329-2a 52.425 709 −2.190 441 2.1446 —
M0329-2b 52.421 091 −2.191 311 2.1446 2.1422b
M0329-2c 52.426 401 −2.198 444 2.1446 2.1445b
M0329-2d 52.415 068 −2.200 183 — 2.1445b
M0329-3a 52.421 836 −2.187 534 — 2.7836b
M0329-3b 52.417 403 −2.190 705 — 2.7836b
M0329-3c 52.412 669 −2.197 051 — 2.7836b
M0329-4a 52.421 475 −2.194 733 2.9186 —
M0329-4b 52.430 384 −2.195 988 2.9186 —
M0329-5a 52.424 606 −2.196 926 3.8528 —
M0329-5b 52.425 463 −2.197 447 3.8528 —
M0329-6a 52.424 527 −2.196 437 4.5734 —
M0329-6b 52.426 150 −2.196 910 4.5734 —
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Table A.2: continued.
ID RA Dec zMUSE zprevious
M0329-7a 52.427 669 −2.207 179 5.6587 —
M0329-7b 52.427 202 −2.207 653 5.6587 —
M0329-8a 52.431 197 −2.191 343 6.0204 —
M0329-8b 52.420 215 −2.194 540 6.0204 —
M0329-9a 52.429 844 −2.188 115 — 6.17c
M0329-9b 52.417 374 −2.196 010 — 6.17c
M0329-9c 52.416 931 −2.197 685 6.1 6.17c
M0329-9d 52.421 823 −2.201 280 — 6.17c
MACS J2129
M2129-1a 322.354 853 −7.690 679 1.0480 1.047b,1.040h
M2129-1b 322.354 773 −7.691 599 1.0480 —
M2129-1c 322.355 469 −7.693 276 1.0480 —
M2129-2a 322.356 724 −7.685 551 1.3568 —
M2129-2b 322.356 232 −7.691 723 1.3568 —
M2129-2c 322.357 226 −7.694 322 1.3568 —
M2129-3a 322.353 936 −7.687 586 — —
M2129-3b 322.353 325 −7.691 187 1.3585 —
M2129-3c 322.354 469 −7.694 414 — —
M2129-4a 322.357 964 −7.685 882 1.3634 1.365b,1.372h
M2129-4b 322.359 677 −7.690 846 — —
M2129-4c 322.359 260 −7.690 947 1.3634 1.372h
M2129-4d 322.357 120 −7.691 085 1.3634 1.364b,1.373h
M2129-4e 322.357 642 −7.691 140 1.3634 1.370h
M2129-4f 322.358 624 −7.694 884 1.3634 1.367h
M2129-5a 322.361 311 −7.685 896 — —
M2129-5b 322.362 481 −7.691 420 — —
M2129-5c 322.362 594 −7.693 603 1.4519 —
M2129-6a 322.350 235 −7.688 818 2.2427 2.236b,2.240h
M2129-6b 322.350 131 −7.689 458 2.2427 2.236b,2.240h
M2129-6c 322.350 991 −7.695 783 — 2.239b
M2129-7a 322.361 673 −7.683 623 3.1059 —
M2129-7b 322.364 879 −7.690 103 3.1059 —
M2129-7c 322.363 340 −7.697 056 3.1059 —
M2129-8a 322.366 506 −7.686 903 3.1100 2.237b
M2129-8b 322.366 953 −7.688 235 — —
M2129-8c 322.366 666 −7.695 244 — —
M2129-9a 322.354 549 −7.685 185 3.9006 —
M2129-9b 322.352 785 −7.688 411 3.9006 —
M2129-9c 322.357 363 −7.699 774 — —
M2129-10a 322.358 606 −7.684 905 4.4086 —
M2129-10b 322.361 646 −7.688 097 4.4086 —
M2129-10c 322.354 195 −7.688 761 4.4086 —
M2129-10d 322.356 989 −7.689 231 4.4086 4.411b
M2129-10e 322.360 356 −7.700 940 — —
M2129-11a 322.353 932 −7.681 649 — 6.846d
M2129-11b 322.350 935 −7.693 330 — 6.846d
M2129-11c 322.353 238 −7.697 445 — 6.846d
MACS J1115
M1115-1a 168.966 823 1.506 877 — —
M1115-1b 168.961 854 1.505 248 — —
M1115-1c 168.958 464 1.500 308 — 2.5520b
M1115-2a 168.964 480 1.507 233 2.9175 —
M1115-2b 168.962 530 1.506 565 2.9175 —
M1115-2c 168.957 635 1.500 751 2.9175 —
M1115-3a 168.973 224 1.502 403 — [0.367 − 3.411]e
M1115-3b 168.966 512 1.494 089 — ”
M1115-3c 168.963 670 1.493 729 — ”
MACS J0429
M0429-1a 67.398 809 −2.881 399 2.9286 —
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Table A.2: continued.
ID RA Dec zMUSE zprevious
M0429-1b 67.405 683 −2.883 986 2.9286 —
M0429-1c 67.394 847 −2.885 733 2.9286 —
M0429-1d 67.400 178 −2.888 594 2.9286 —
M0429-2a 67.400 749 −2.885 197 3.8665 —
M0429-2b 67.392 409 −2.886 273 3.8665 —
M0429-2c 67.402 549 −2.886 853 3.8665 —
M0429-3a 67.399 814 −2.883 126 — [1.637 − 1.785]e
M0429-3b 67.404 684 −2.885 985 — ”
M0429-3c 67.395 423 −2.887 432 — ”
M0429-3d 67.401 022 −2.888 857 — ”
RX J1347
R1347-1a 206.871 201 −11.760 319 — 1.7638b, f
R1347-1b 206.872 629 −11.761 609 — 1.7638b, f
R1347-1c 206.882 279 −11.764 403 — 1.7638b, f
R1347-2a 206.885 022 −11.744 131 3.6804 —
R1347-2b 206.891 017 −11.753 639 3.6804 —
R1347-3a 206.888 217 −11.744 547 3.6814 —
R1347-3b 206.889 938 −11.746 559 3.6814 —
R1347-4a 206.888 299 −11.752 540 4.0790 4.083g
R1347-4b 206.880 519 −11.754 408 4.0790 —
R1347-5a 206.869 501 −11.747 302 — [1.965 − 2.265]e
R1347-5b 206.885 077 −11.748 379 — ”
R1347-5c 206.878 670 −11.753 338 — ”
R1347-5d 206.887 458 −11.757 480 — ”
R1347-5e 206.877 562 −11.759 346 — ”
R1347-6a 206.882 883 −11.741 196 — [0.151 − 3.860]e
R1347-6b 206.884 048 −11.741 763 — ”
R1347-7a 206.878 328 −11.749 177 — [2.321 − 2.636]e
R1347-7b 206.878 227 −11.749 630 — ”
R1347-8a 206.875 988 −11.741 197 — [0.669 − 6.228]e
R1347-8b 206.882 313 −11.742 182 — ”
MACS 1311
M1311-1a 197.755 540 −3.176 000 2.1867 2.1893b
M1311-1b 197.756 897 −3.177 289 — 2.1850b
M1311-1c 197.763 604 −3.179 186 2.1867 2.1883b
M1311-2a 197.765 361 −3.177 361 — [5.755 − 6.594]e
M1311-2b 197.755 199 −3.179 719 — ”
M1311-3a 197.758 730 −3.174 978 — [1.219 − 2.542]e
M1311-3b 197.761 644 −3.178 933 — ”
M1311-3c 197.759 620 −3.180 957 — ”
Notes. (a) Spectroscopic redshifts from Belli et al. (2013). (b) Spectroscopic redshifts from CLASH-VLT (Rosati et al. in prep.). (c) Spectroscopic
redshift from Vanzella et al. in prep. (d) Spectroscopic confirmation from Huang et al. (2016). (e) Photometric redshift limits from Molino et al.
(2017). (f) Independent spectroscopic confirmations from Ravindranath & Ho (2002); Bradacˇ et al. (2008); Halkola et al. (2008). (g) Spectroscopic
redshift from Cohen & Kneib (2002). (h) Spectroscopic redshift obtained from the public GLASS catalogues Treu et al. (2015).
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